Increasing population and socio-economic development have put great pressure on water 7 resources of the Yellow River (YR) basin. The anticipated climate and socio-economic changes may 8 further increase water stress. Many studies have investigated the changes in renewable water resources 9 under various climate change scenarios but few have considered the joint pressure from both climate 10 change and socio-economic development. In this study, we assess water scarcity under various socio-11 economic pathways with an emphasis on the impact of water scarcity on food production. The water 12 demands in the 21 st century are estimated based on the newly developed Shared Socio-economic 13 Pathways (SSPs) and renewable water supply is estimated using the climate projections under the 14
outside of the basin. The water demands outside the basin are generally not considered in the global 78 scale assessments. In this study, we use streamflow observations in the YR basin to bias-correct global 79 model outupts (Ho et al., 2012; Hawkins et al., 2013) , and present a multi-model analysis of water 80 supply and demand narratives under different climate change scenarios and socio-economic pathways 81 at the sub-basin scale ( Figure 1 and Table 1 ). The objectives of the analysis are: i) to describe the 82 water supply and demand changes in a changing environment; ii) to identify the possible time horizon 83 when current management practices may no longer be sustainable; iii) to investigate the contributions 84 of different water demand sectors to water scarcity; and iv) to assess the potential impacts of water 85 scarcity on agricultural production. 86 dataset refers to the crop area over the period of 1998 of -2002 of (Portmann et al., 2010 . According to the 131 survey by the Ministry of Water Resources (MWR) of China, the cropland area of the YR basin in the 132 2000s is 16 million ha. The MIRCA2000 dataset shows that the cropland area is 16.27 million ha, a 133 value quite close to the MWR estimate. Although the cropland area may change in the future due to 134 local adaptation to the environmental change, the projection of land use change is beyond the scope of 135 this paper. The cropland map is fixed throughout the 21 st century in this study. 136
The gridded population and GDP datasets over China were provided by the Institute of Geographic 137
Sciences and Resources Research (IGSRR), Chinese Academy of Sciences (CAS). The population and 138 GDP datasets refer to the conditions in 2005 (Fu et al., 2014 Huang et al., 2014) . The datasets were 139 developed based on remote sensing-derived land use data and the statistical population and GDP data 140 of each county in China. The population and GDP data were provided with a spatial resolution of 1 141 km and were resampled to 0.5° in this study with ArcGIS. The annual total population and GDP data 142 of China during 1981-2013 were obtained from the National Bureau of Statistics of China (NBC) . 143
Using a simple linear downscaling method (Gaffin et al., 2004) , we downscaled the annual total 144 population and GDP data to the gridded maps. The future water demand should be closely related to 145 the growth of GDP and population growth in the basin, and the SSPs offer the possibility for 146 describing different conditions in terms of future sectoral water demand. Quantitative projections for 147 population and GDP were developed for the 2010-2099 period based on the Shared Socioeconomic 148 Pathways (SSP) Scenario Database data available at https:// secure.iiasa.ac.at/web-apps/ene/SspDb. 149
The population and GDP projections were provided at country level at five-year intervals. The country 150 level population data were gridded to 0.5° according to the 2010 Gridded Population of the World 151 (GPWv3) dataset provided by the Center for International Earth Science Information Network 152 (CIESIN), Columbia University. The country-level GDP data were provided in U.S. dollars at five-153
year intervals. The GDP data were converted to Chinese Yuan using the official exchange rate 154 provided by the World Bank. The GDP data from the SSP Scenario Database were regridded to the each grid, at any year, is equal to the growth rate of China. The observed runoff data over 1971-2000 158 of four major hydrologic stations at the main stream of the YR (Lanzhou (LZ), Longmen (LM), 159 Sanmenxia (SMX) and Huanyuankou (HYK)) were collected from the Hydrological Year Book of the 160
Ministry of Water Resources of China. 161
Method 162
The river basin was divided into eight sub-basins in order to understand the regional patterns of water 163 abundance and scarcity ( Figure 1 ). The area of sub-basins varies from 40 to 185 thousand km 2 ( Table  164 1). There are seven sub-basins along the main stream of the basin and one endorheic basin (sub-basin 165 VIII) that does not flow to the main stream of the river. Because the irrigation districts located outside 166 of the basin in lower reaches get water supply from the river, the sub-basin in the lowest reaches (sub-167 basin VII) consists of one part in the river basin and these irrigation districts. 168
The mean annual runoff, including both the subsurface and surface runoff, is assumed to be the 169 renewable water resource (Oki and Kanae, 2006) . Because the bias of GGHMs is usually large 170 (Hattermann et al., 2016) , we used the streamflow observations at the YR basin to bias-correct the 171 model simulated runoff (see Supplemental Methodology in Supplemental material). We compared the 172 bias-corrected runoff of ten GGHMs with the streamflow observations at the four selected 173 hydrological stations (see Figure S3 in Supplemental material). The bias-corrected runoff can 174 reproduce well the streamflow in the reference period . The bias-corrected runoff was 175 aggregated for each sub-basin and the river basin as a whole (see Figure S4 in Supplemental material). 176
In order to maintain the river in a desired environmental condition, we assume only a part of the 177 renewable water resource can be appropriated by human. The net water withdrawal, i.e. water 178 withdrawal minus return flow, accounts for 53% of renewable water resource in the 1980s (Zhang et 179 al., 2004) and 72% in the 2010s (YRCC, 2013) . Annual water supply was estimated as annual runoff 180 multiplied by the ratio of human water appropriation (RHWA), i.e. the proportion of renewable water regulation rule currently implemented by YRCC (YRCC, 2013) sets the upper limit on water 184 withdrawals for each sub-basin. According to the rule, the maximum water use proportion is 185 prescribed for each sub-basin (Table 1 ). The annual water supply was calculated for each GCM-186 GGHM pair. There were five GCMs and ten GGHMs, making 50 model pairs. The multi-model-187 ensemble median of water supply from all the available model pairs was calculated. 188
On the water demand side, the consumptive agricultural, domestic and industrial water demands were 189 considered. Agricultural water demand consists of the demands for irrigation and livestock. As the 190 livestock demand is relatively small and the related statistical data were unavailable in the basin 191 (YRCC, 2013), only irrigation demand was considered. The irrigation water demand was estimated by 192
the GGCM. Table S2 shows an overview of the six GGCMs. Four crops, i.e. wheat, rice, maize and 193 soybean, were taken into account because these crops accounted for over 80% of total cropland area in 194 the YR basin. The irrigation water demands were aggregated for each sub-basin and the river basin as 
where W dom is the net domestic water withdrawal (m 3 yr -1 ), Pop is the population, i dom,t0 is the domestic 203 water intensity for the base year (L day -1 preson -1 yr -1 ), s dom,cat is the domestic water intensity change 204 rate (L person -1 day −1 yr -1 ), and the multiplier 0.365 is applied for unit conversion. withdrawal depends on the value added of manufacturing sectors and the water use intensities 210
where W ind is the net industrial water withdrawal (m 3 yr -1 ), GDP manu is the value added of 213 manufacturing sectors (Chinese Yuan), i ind,t0 is the industrial water intensity for the base year (m 3 per 214 ten thousand Yuan), s ind,cat is the industrial water intensity change rate (%). The value added of 215 manufacturing sectors is calculated by multiplying the GDP projection by the share of manufacturing 216 gross value added in total GDP for Non-OECD country from the UNEP GEO4 Driver Scenarios 217 (Hughes, 2005) . Change in water withdrawal for thermal power industry is not considered in this 218 study for two reasons. First, water conservation technology such as dry cooling has been widely 219 adopted in northern China and the water withdrawal for thermal power industry is not the major water 220 user in the YR basin (Zhang et al., 2016) . Second, projection of future change is subject to large 221 uncertainties as increase in demand is complicated with the advanced water conservation technologies 222 (Zhang et al., 2016) . 223
The change rates of domestic and industrial water intensity are dependent on the technology scenario 224 of the SSPs. High technology scenario was set for SSP1 and SSP5, medium for SSP2, and low for 225 SSP3 and SSP4 (O'Neill et al., 2015) . For domestic water use, SSP1 and SSP5 would be more 226 efficient, whereas SSP3 and SSP4 would be less efficient. SSP2 would be intermediate between the 227 two groups (Hanasaki et al., 2013a) . The domestic water intensity change rate was proposed in Table  228 S4 (Hanasaki et al., 2013a) . For industrial water use, the change rate is set 1.1% for SSP1 and SSP2, 229 0.6% for SSP2 and SSP4, and 0.3% for SSP3 (Wada et al., 2016) . In this study, the base year is 2005. 230
The domestic water intensity for the base year is 83.6 (L day -1 preson -1 yr -1 ), while the industrial water 231 intensity for the base year is 205.4 (m 3 per ten thousand Yuan) in the YR basin. 232
Annual water demand was calculated the sum of net water withdrawal requirement for agricultural, 10 (WaSSI) was used. WaSSI is defined as the ratio of annual water demand to annual water supply for a 235 specific watershed. It measures whether water supplies are sufficient for all net withdrawal 236 requirements within a watershed to be met concurrently. The WaSSI was calculated for each sub-basin 237 and the whole basin to assess water abundance/scarcity condition. To investigate the contributions of 238 different water demand sectors to water scarcity, WaSSI was calculated for the major sectors, i.e., 239 domestic, industrial and agricultural (denoted as irrigation hereafter because only irrigation was 240 considered) sectors, at the end of the 21 st century. If the WaSSI is projected to be is greater than 1, 241 water resources cannot sustain the socio-economic development and water scarcity occurs. The greater 242 the WaSSI value, the greater the water scarcity. We assume that irrigated agriculture has the lowest 243 priority of all water consumers under water scarcity. When water scarcity occurs in a given year for a 244 specific watershed, irrigation was constrained by reducing the irrigated fraction of the cropland (Elliott 245 et al., 2014) . The agricultural production of the watershed, calculated as calorie content of the major 246 crop yields, would be the sum of production over the expanded rain-fed fraction of the cropland and 247 the shrunken irrigated fraction. If water abundance in a given year for a given sub-basin, we assume 248 that no rain-fed areas were converted for irrigation. 249
The water supply and demands were assessed for each year but the 30-year moving averages during With the increase of RHWA, the water supply is projected to increase during the 21 st century in the 257 YR basin. The average water supply is 24.7, 29.8, and 34.8 billion m 3 per year during the historical 258 period under three RHWA --50, 60 and 70%, respectively. The water supply is projected to decrease material), and is projected to increase from 2036-2084 due to the increase of precipitation under all 261
RHWAs (see Figure S1 in Supplemental material). The result is consistent with the conclusions from 262 respectively. This increase is primarily driven by the growth in the industrial water withdrawal, 276 accounting for at least 32% of the total in 2084. Irrigation is the dominant water use sector during the 277 period 1995-2084. Domestic water withdrawal is projected to increase and then decrease during 1995-278 2084. Industrial water withdrawal is projected to rapidly increasing before 2050 and then is projected 279 to decrease slightly. The irrigation water withdrawal is projected to increase from 20 billion m 3 yr -1 in 280 1995 to close to 17 billion m 3 yr -1 in 2084 under RCP 8.5. Irrigation water withdrawal is projected to 281 not increase substantially during 1995-2030, and is projected to decrease during 2031-2084, with 282 decreasing by close to 16% compared with the irrigation water in 1995. The total water demand, 283 domestic and industrial water withdrawals are also projected to increase and then decrease in each 284 sub-basin during the 21 st century under all SSPs. In the sub-basin III, V, VII and VIII, although the 285 industrial water withdrawal would increase rapidly, irrigation is always the dominant water use sector 12 water use sectors at the beginning of the 21 st century, while the industry would become the dominant 288 water use sector after the 2030s. 289 4.3 Water abundance/scarcity and sectoral contributions to water scarcity 290 Figure 5 shows the average annual WaSSI for the YR basin and eight sub-basins throughout the 21 st 291 century under the five different SSPs. The WaSSI is projected to increase due to the water demand 292 increase during the 21 st century. Under RHWA50, the YR basin is projected to have a WaSSI greater 293 than 1 after after 2000s for all SSPs, meaning than water demand for water outstrip supply. The 294
WaSSI is projected to decrease with the increase of RHWA. Under RHWA70, the water scarcity 295 would not occur in the 21 st century for all SSPs. The upper reaches of the YR basin (sub-basins I, II, 296 and III) are projected to have a WaSSI less than 1, meaning that the water would be abundant, during 297 the 21 st century for all SSPs under all RHWAs. The endorheic basin of the YR basin (sub-basin VIII) 298 is the only region in which the WaSSI is always larger than 1, meaning that the water would be scarce, 299 during the 21 st century for all SSPs under all RHWAs. In the middle and lower reaches of the YR 300 basin (sub-basins IV, V, VI, and VII), the WaSSI would begin to be large than 1 at the beginning of 301 the 21 st century under RHWA50. With the increase of RHWA, a water resource scarcity would begin 302 to occur later. When the RHWA reaches to 70%, the water would be abundant during 1995-2084 in 303 sub-basins IV under all SSPs. 304 Figure 6 shows the WaSSI calculated as the ratio of annual water demand and sectoral (domestic, 305 industrial and irrigation) water withdrawals to annual water supply under RHWA50 for the YR basin 306 and eight sub-basins at the end of the 21 st century under the five different SSPs. In the YR basin, the 307 WaSSI calculated as annual water demand to water supply is large than 1 under all SSPs except SSP1, 308 meaning that the water scarcity would occur at the end of the 21 st century. Among the three different 309 water demand sectors, irrigation is projected to contribute most (about half) to WaSSI for all SSPs, 310 and domestic sector is projected to have the smallest contribution to WaSSI (less than 0.1) for all SSPs 311 except SSP3. With the increase of RHWA, WaSSI as well contribution from the water demand sectors 312 to WaSSI would go down (see Figure S7 and S8 in Supplemental material). In sub-basins III, V, VII 313 and III, irrigation is the main contributing factor to WaSSI, and the industrial sector is another 13 important contributing factor. Increase of GDP would make the industrial sector become the main 315 contributing factor to WaSSI for sub-basins I, II, IV, and VI. Because both population and GDP are 316 concentrated in the middle and lower reaches, the estimated WaSSI is larger than one in those sub-317 basins, but smaller than one for the sub-basins in the upper reaches. 318
Agricultural loss due to irrigation water scarcity 319
The climate change and the scarcity of water available for irrigation in the YR basin would have 320 significant implications for the food security of these regions. Considering the CO 2 fertilization effect, 321 the agricultural production would be enhanced by climate change, and is projected to increase by close 322 to 15.1% compared with the production during the historical period in the YR basin at the middle of 323 the 21 st century (Figure 7) . Irrigation water scarcity could necessitate the reversion of cropland from 324 irrigated to rain-fed management, and would lead to decreased agricultural production. Under 325 RHWA50, irrigation water scarcity in the basin could necessitate the reversion of about half of 326 cropland from irrigated to rain-fed management by the middle-of-21 st -century. Considering the CO 2 327 fertilization effect, irrigation water scarcity would lead to 15.7%, 25.4%, 17.7%, 22.7% and 21% of 328 present-day total production reduction under SSP1, SSP2, SSP3, SSP4 and SSP5 in 2050 (Figure 7) . 329
The change rate of production is projected to decrease with the increase of RHWA. Under RHWA60, 330 the reduction of agriculture production in 2050 might be 1-11% of present-day total production 331 reduction. Under RHWA70, the reduction of agriculture production in 2050 wouldn't occur under all 332
SSPs. Considering the climate and water supply stress impact, the reduction of agriculture production 333 in 2050 only occurs for all SSPs under RHWA50. Under RHWA60 and RHWA70, the agriculture 334 production is projected to increase under each SSP at the middle of the 21 st century. 335
Discussion

336
The renewable water resource will be affected by projected changes in precipitation and temperature 337 (Schewe et al., 2014) , and the RHWA. The water supply in the YR basin would first decrease and then 338 increase in varying degrees due to the impact of temperature and precipitation rise over the 21 st the 21 st century (Chen and Frauenfeld, 2014) . The RHWA of the YR basin has increased to 75.6% 342 during the beginning of the 21 st century (Shi et al., 2012 ) from about 50% in 1980s (Zhang et al., 343 2004 . The increase in RHWA tends to result in increase in water supply and reductions in irrigation 344 water scarcity and loss of agriculture production (Figure 1 and Figure 7) . Therefore, improvement of 345 the RHWA could alleviate the water shortages in this region. However, because of the different 346 geographical and economic conditions among the sub-basins, the impact of the RHWA should be 347 considered when we analyze the water resource of the sub-basins. 348
To quantify domestic and industrial water withdrawal is difficult because the future water withdrawals 349 will be influenced by a combination of social, economic, and political factors. However, a few of the 350 hydrologic modeling frameworks have integrated methods to estimate the water withdrawals, e.g. H08 351
( Hanasaki et al., 2010; Hanasaki et al., 2013a and 2013b) , PCR-GLOBWB (Wada et al., 2011; Wada 352 et al., 2014 , Wada et al., 2016 ), WaterGAP (Flörke et al., 2013 . The differences in these approaches 353 result in significantly different projections even with same set of scenario assumptions (Wada et al., 354 2016) . Our study does not consider the change in water for thermal power industry which accounts for 355 about 30% of industrial water use in the YR basin (Zhang et al., 2016) . The study might underestimate 356 the water scarcity and the contribution of industrial water withdrawal to water scarcity. 357
With the currently implemented water flow regulation rule, water is projected to be scarce in sub-358 basins located the middle and lower reaches of the YR basin characterized by a generally large 359 population and GDP, while water is projected to be abundant in sub-basins located in the upper 360 reaches of the YR basin characterized by a small population and GDP during the 21 st century. In order 361 to alleviate the water shortages in the middle and lower reaches, a new water flow regulation rule 362 could be adopted. 363
In order to solve the problem of water resource shortages in the more arid and industrialized north of 364
China, the South-to-North Water Diversion Project has been undertaken. One aim of the project is to 365 channel the fresh water from the Yangtze River in southern China to the YR basin (YRCC, 2013) . By 366 (YRCC, 2013) . This could alleviate the water shortage in the YR basin to some degree. 368
Conclusions
369
In this study, we assessed the change in renewable water resource of the YR basin under climate 370 change and the changes in domestic and industrial water withdrawals in the basin under socio-371 economic change in the 21 st century. The results show that the renewable water resources are projected 372 to decrease slightly first and then increase in the YR basin and each sub-basin with the increase of 373 temperature and precipitation under RCP 8.5 in the 21 st century. Irrigation is the dominant water use 374 sector before the 2030s, but irrigation and industry sectors are the dominant water users thereafter. 375
With social and economic development, domestic and water withdrawals are projected to increase first 376 and then remain at high level or decrease slightly during the 21 st century. 377
Water is always scarce in the endorheic basin, while water is always abundant in the sub-basins 378 located in the upper reaches of the YR basin in the 21 st century under all RHWAs and SSPs. Due to 379 water withdrawal increase in industrial sectors, the available water resources cannot sustain all the 380 water use sectors beginning in the next a few decades in the YR basin and the sub-basins located in 381 the middle and lower reaches of the basin. The water resource shortage is most serious under SSP2 382 and 60% of the renewable water resources cannot sustain all the water use sectors in the YR basin. 383
With the three water demand sectors considered, the industrial water withdrawal is the main 384 contributing factor to water scarcity in sub-basin I, II, IV and V, while the irrigation water withdrawal 385 is the main contributing factor to water scarcity in sub-basin III, V, VII and VIII. 386
Although climate change may have a positive impact on agriculture through the CO 2 fertilization 387 effect in most regions of the YR basin (Yin et al., 2015) , irrigation water scarcity would lead to the net 388 loss of agricultural production. With the CO 2 fertilization effect, if more than 40% of the renewable 389 water resources are used to sustain ecosystems, a portion of irrigated land would have to be converted 390 to rain-fed agriculture which would lead to a 2-11% reduction in food production. It should be noted 391 that change in water use for thermal power industry was not considered in this study. This might lead to an underestimation of the water scarcity. Nevertheless, this study highlights the linkage between 393 water and food security in a changing environment in the YR basin, and suggests that the trade-off 394 should be considered when developing regional adaptation strategies. Note: The sub-basins and names of hydrological stations are given in Figure 1 . water supply was estimated with RHWA values of 50%, 60% and 70%, respectively. 543 Figure 5 Average annual water supply stress index (WaSSI) for the YR basin and eight sub-basins 548 throughout the 21 st century under five different SSPs. Water supply was estimated with RHWA 549 value of 50%, 60%, and 70% in the left, center, and right column, respectively. The WaSSI is 550 calculated for each decade. The water scarcity occurs in a given basin when WaSSI is greater than 551 one. irrigation water scarcity impact (IrrWaS), and combined climate and irrigation water scarcity impact 560 (CL+ IrrWaS) in the YR basin in the 2050s (%). 561
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